reported using an impinger sampler but the data given were not convincing proof of its merits. Wells' recent (1955) of sampler performance dismissed the liquid impinger sampler with the erroneous assumption that, at nearsonic acceleration, "a high velocity jet cannot 'impinge' on a yielding liquid surface; ... and many particles pass with the air stream." He rated the Wells' air centrifuge as the best available sampler, and at the same time admitted the correctness of Phelps and Buchbinder's (1941) rigorous physical and experimental proof of its inadequacy for small droplet nuclei. Bourdillon (1948) , whose summary of the physical properties of aerosols and samplers seems the most excellent, relied largely on opinion and a priori reasoning in rejecting liquid impingers as against agar impingers. duBuy et al. (1945) presented data that the bead bubbler (Wheeler et al., 1941) was about twice as efficient as the sieve sampler, yet they disclaimed the importance of this difference. Samplers with particular, although limited, merits have been reported. Examples are (a) sedimentation types: open Petri dish and Wells' air centrifuge (Wells, 1933) ; (b) filtration types: aeroscope (Rettger, 1910) , sand tube (Anon, 1942) , cotton filter (McConnell and Thomas, 1925) , and molecular filter (Goetz, 1953) ; (c) air washing types: water aeroscope (Rettger, 1910) , bead bubbler (Wheeler et al., 1941) , atomizer bubbler (Moulton et al., 1943) , and Folin-Lemon bubbler (Lemon, 1943) ; (d) agar impingement types: funnel device (Hollaender and DallaValle, 1939) , slit type (Bourdillon et al., 1941) , and sieve device (duBuy and Crisp, 1944) ; (e) electrostatic deposition types: Berry M. E. TYLER AND E. L. SHIPE funnel precipitator (Berry, 1944) and the electrostatic precipitator (Luckiesh et al., 1946a, b) . An impingement device with some new features has recently been described (Anderson, 1958) .
Liquid impingement samplers probably owe their origin to the Greenburg-Smith sampler (Greenburg and Smith 1922) devised for dust sampling. The "Porton" impinger (Henderson and Woods, 1942) and its contemporary and successor devices, the "standard impinger" (figure 1), the "all-glass impinger" (figure 2), and the "capillary impinger" (figure 3) operate on the principle of drawing air through an inlet tube having a limiting capillary orifice through which particulate matter in the air is "impinged" into liquid at a speed approximating the sonic. This effects formation of tiny air bubbles, and presumably accelerates particles to sufficient speed to cause deposition in the liquid. Simultaneously, the capillary serves as a limiting orifice which gives a gas flow rate nearly independent of differential pressure between one-half and one atmosphere, eliminating extrinsic flow regulation. Different flow rates may be achieved by appropriate adjustment of the bore and length of capillary.
The sampler most appropriate for particular purposes depends upon the application. Certain general characteristics are desirable in each, although perhaps not as uniformly as indicated by Luckiesh et al. (1946b) . Any one or more of the following features might be subordinated to others to achieve particular ends: (a) efficient removal of all living microorganisms; (b) collection conducive to quantitation, that is, minimal or no destruction nor physical loss in or from the sampler; (c) ready sterilization; (d) relatively small air volume required; (e) fixed or readily regulated air flow; (f) Aerosol Chambers Glass tube aerosol unit. The device (figure 4) consisted of a Pyrex glass tube 4 in. in diameter by 20 in. long fitted with rubber stoppers. The aerosol generated by a DeVilbiss3 no. 40 nebulizer (figure 5) was admitted through one stopper in parallel with air humidified to about 85 per cent relative at room temperature. Three in. from the other end of the tube, two side arms permitted attaching one air sampler each as the dynamic aerosol passed to the exit. The aerosol then passed over a dry and wet bulb hygrometer and to a triple filter assembly. Coated slides could be inserted for measurement of physical settling. Standard operation involved using the unit with the nebulizer and air flow activated for 2 min before sampling. The samplers used removed no more than two thirds of the inflow consisting of 40 L per min.
Plastic sphere unit. A plastic sphere of Lucite 22 in. in diameter was attached to the glass tube unit, being inserted between it and the hygrometer-filter assembly (figure 6). Eight sampling ports were equally spaced 1 in. above and around the equator of the sphere, permitting more than two samples to be taken simultaneously provided their total flow rates did not exceed 40 L per min. Aerosol was generated continuously for at least 2 min before sampling to establish reasonable homogeneity. Computations of over-all variability in the unit gave coefficients of variation between 4 and 8 per cent.
Test tank, test chamber, and test sphere. The test tank was a 5000 gallon (20,000 L) fermentor, 7 ft in diameter by 14 ft high. Aerosols generated by various devices inserted into the tank were stirred by a fan and sampled at locations carefully determined by extensive homogeneity tests. The chamber was an oblong room 15 by 22 by 20 ft high (200,000 L volume). The test sphere was a steel sphere 40 ft in diameter (1,000,000 L volume). In all of these units, various and extensive tests were carried out to determine the optimal condi- isokinetic sampling of dynamic aerosols. It operates isokinetically, of course, only under highly controlled conditions of horizontal, streamlined flow of aerosol and air intake at the speed of aerosol travel; both are most difficult to achieve under practical conditions. All-glass impinger (AGI). The AGI is a refined, standardized modification (figure 2) of the Porton or standard impinger which has all of the theoretical advantages and disadvantages of the type. More recently, it has been designated "AGI-4." Capillary impinger. Essentially like the device described by Rosebury (1947) , this sampler (figure 3) is similar to the AGI in principle; it usually is operated at small flow volumes.
Midget impinger. A device developed for sampling dusts (figure 8) which is available commercially.4 It operates at a lower air flow rate than the above impingers, and should properly be classified as an air washing sampler.
Bulged AGI. The bottle of a standard AGI was adapted by blowing a hemispherical bulge in the bottom (figure 9) such that the air discharged tangentially into the bulge from the capillary.
Canadian impinger. This sampler (figure 10) was designed by workers at the Suffield Experimental Station, and was predicated on the hypothesis that killing Venturi scrubber. This sampler (figure 12) was adapted from a device designed at the Stanford Research Institute (Magill et al., 1950) , scaled down in size. Tests with a similar device were reported by Gordon and Boyd (1953 Rosebury, 1947. first and second were used primarily in the glass tube and plastic sphere units; the latter two were used in the larger test units. Both the nebulizer and the atomizer were carefully calibrated, using a cascade impactor (May, 1945) , and found to give uniform aerosols of particles below 3.0 Iu mass median diameter (MMD).
The nozzles, for example, a Binks6 nozzle, ejected spray by hydraulic pressure, and gave heterogeneous aerosols in which some proportions were small enough 'Binks Manufacturing Co., Chicago, Illinois. M. E. TYLER AND E. L. SHIPE to evaporate to nuclei. A few trials were performed with devices which ejected suspensions through a rupture disk in a steel cylinder, the propellant being explosive powder. No especial attributes for sampling studies inhere in the latter devices, except for the wide heterogeneity in particle size generated. Results with them substantiated other studies.
Suspending fluids. Suspensions of B. subtilis were prepared in distilled water. S. marcescens was suspended in gelatin phosphate diluent composed as follows: gelatin, 2 g; Na2HPO4, 4 g; distilled water, 1000 ml; adjusted to pH 7.0. These same fluids were used in samplers; foaming of gelatin phosphate diluent was controlled with minimal amount (about 0.01 ml per sampler) of sterile olive oil.
Sample timing. In all trials with "static" aerosols, samples were taken at each of two or more ages. Numerous tests showed that a 1-min sample taken at a midpoint of 1½ min after completion of dissemination gave reasonably homogeneous spatial results in the chambers described above. Various time intervals were used in the studies reported here, although later work resulted in standardization of sampling times at uniform intervals, 2, 9, 16 min and so forth. It may be noted that regressions were computed for all aerosols sampled at various ages, and most showed linearity of decay when logarithms of count were plotted against time.
Assay
The assay of sampler fluid was performed by standard techniques. Aliquots of sampler fluid were diluted appropriately in distilled water and plated immediately by surface streaking of 0.1 ml on prepared, sterile, pre-dried agar in Petri dishes, using glass spreaders. Generally, a Wilson's peptone agar was used for S. marcescens: Wilson's peptone (Armour),7 20 g; glucose, 5 g; agar, 30 g; dissolved in 1000 ml distilled water, and adjusted to pH 7.0. B. subtilis frequently was plated on tryptose agar: Bacto8 tryptose, 20 g; glucose, 10 g; NaCl, 5 g; agar, 20 g; dissolved in 1000 ml distilled water, and adjusted to pH 7.0. Occasionally, slight modifications of these media were employed. Plated samples were incubated at 30 to 32 C for 24 to 36 hr before counting colonies. Triplicate plates were counted when colony numbers fell between 30 and 500 per plate.
Cotton collectors were assayed by removing the cotton pledget aseptically to a distilled water blank, which was shaken vigorously for 5 min before aliquots of fluid were removed for plating. bulged AGI of B. subtilis spores was higher (382,000 vs. 379,000 per L aerosol) and of S. marcescens was lower (700,000 vs. 732,000) than that from the AGI, the differences were not statistically significant (table 4) .
Statistical Analysis
Previous workers, notably duBuy et al. (1945) , presented data indicating that samplers similar to the Wheeler et al. (1941) bead bubbler were quite satisfactory aerosol collectors. A device similar in principle, used as a gas sampler, was tested in a manner like that given above for the capillary impinger. Results of 25 tests (table 4) with this device, the Edgewood bubbler, demonstrated that it was significantly less effective than the AGI for collecting small droplets of either spores or S. marcescens. It was noted that the difference was less with S. marcescens (480,000 vs. 308,000 per L aerosol) than with spores (254,000 vs. 139,000). 
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M. E. TYLER AND E. L. SHIPE being taken at intervals beginning 2, 4, 8, and 16 min after completion. For the former, six DeVilbiss nebulizers, each with 1.1 ml of a mixed suspension containing 7 X 108 spores per ml and 12 X 108 S. marcescens per ml, were operated in parallel at 25 psi air pressure; 7 min were required to complete dissemination. Explosive (Wells, 1955) , and the moot question of relative effects of efficiency and particle disintegration (duBuy, et al., 1945) .
The ease of use and the cost of particular air samplers have been promulgated as arguments for adoption: the Wells' air centrifuge (Wells, 1933; 1955) ; the electrostatic sampler (Luckiesh et al., 1946b) (Phelps and Buchbinder, 1941) as well as inhalation and retention in the lungs (Hatch and Kindsvatter, 1947; Hatch and Hemeon, 1948; Sonkin, 1951) . There are disclaimers that particles below about 2.3 A are unimportant and contain only one bacterium (Wells et al., 1946) .
The AGI sampler has certain disadvantages which must not be overlooked. Tyler et al., 1959) . Equally discrepant are the data showing that few small bacterial droplets escape from the exhaust of the AGI and many from other samplers (table 3 ), yet recoveries in comparative tests are not significantly different (tables 4 to 6). This finding suggested that at least two mechanisms operate in opposition, and studies were inaugurated to evaluate the potential of the AGI for killing bacteria during impingement 
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For several reasons comparative evaluation of the AGI-type sampler with such samplers as the agar impingement devices and Wells' air centrifuge have not been reported. Until such studies have been carried out with thorough regard for the significant parameters and with due statistical precision, no adequate decision may be made regarding the relative merits under varying conditions. That such decisions are needed is evidenced by a wide variety of studies of air-borne bacteria being reported (for example, Spendlove, 1957; Albrecht, 1958) .
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SUMMARY
Comparative collection efficiency of the all-glass impinger (AGI) and several other air samplers for small, fairly uniform, and for heterogeneous air-borne bacterial particles was evaluated using Bacillus globigii (Bacillus subtilis) spores and Serratia marcescens. Tests were performed in various small and large aerosol units whose performance characteristics had been carefully adjusted and extensively calibrated. Statistically designed and analyzed experiments permitted the following conclusions:
The AGI collected essentially as many B. subtilis spores from fine aerosols as did the best available "absolute" sampler, the cotton collector. Exhaust losses were less than 1 per cent. Exhaust losses from the Midget impinger and Venturi scrubber were very high (30 and 10 per cent, respectively).
The AGI was as effective as, or more so than, any other liquid sampler tried with fine aerosols. However, with heterogeneous air-borne droplets, certain samplers collected more bacteria than the AGI. This was ascribed, hypothetically, to particle size discrimination in the inlet tube.
The nearly equal effectiveness of the Midget impinger (and others) and the AGI in aerosols of small droplets seemed inconsistent with the inefficiency of retention of the former. This suggested a possible killing effect on vegetative forms in the AGI, which led to further studies.
It was suggested that several assumptions of previous work are made subject to evaluation by techniques similar to those employed in this work, and that a need exists for further comparative studies of the various parameters of bacterial aerosol sampling among agar impingement and liquid impingement devices.
